Abstract -Modifications were made to a commercial real time 3D ultrasound system for near simultaneous 3D scanning with two 2-D array transducers. As a first illustration, a transducer cable assembly was modified to incorporate two independent 3D intracardiac echo catheters, a 7 Fr (2.3 mm O.D.) side scanning catheter and a 14 Fr (4.7 mm O.D) forward viewing catheter with tool port, each using 85 channels operating at 5 MHz. For applications in treatment of atrial fibrillation, the goal is to implant the side-viewing catheter within the coronary sinus to view the whole left atrium including left pulmonary veins. Meanwhile the forward viewing catheter inserted within the left atrium is directed toward the os of a pulmonary vein for therapy using the integrated tool port. Using pre-loaded phasing data, the scanner switches between catheters automatically at the push of a button with a delay of about 1 second so that the clinician can view the therapy catheter with the coronary sinus catheter and vice versa. In the future, the system will switch between 3D probes on a frame-by-frame basis. We may also test the feasibility of image fusion using multiple 3D cardiac scans.
I. INTRODUCTION
One of the suspected causes of atrial fibrillation is abnormal conduction patterns in the region within or near the pulmonary veins. One possible treatment for such a situation is to electrically isolate the pulmonary vein by performing radiofrequency (RF) ablation on the surrounding tissue via a catheter. Typically, this procedure is performed under the fluoroscopy guidance. However, fluoroscopy provides little details about heart anatomy and also exposes the patient to ionizing radiation.
In an attempt to improve the identification of the left atrium and pulmonary veins, researchers have begun to investigate using intracardiac echocardiography (ICE) to guide the RF catheter into location and monitor the ablation process [1] [2] [3] . In addition to these benefits, guidance using ICE allows the clinician to ensure that the RF catheter is in contact with cardiac tissue. This improves the success rate associated with RF ablation to isolate the pulmonary vein from the surrounding cardiac tissue [1] .
The current commercial ICE transducers only provide the clinician with a single image plane. This may limit the ability to guide and monitor intercardiac procedures. Previously, our lab has reported a series of 2D array intracardiac transducers that are capable of performing realtime 3D scanning. Studies performed using a side scanning catheter have shown an ability to visualize the left atrium and pulmonary vein via the coronary sinus in a sheep model [4] . A forward viewing catheter equipped with a tool port has been used to deliver intracardiac therapy tools into the heart while being monitored with ultrasound [5] .
In this paper, we will present a method for switching between two 3D ultrasound transducers by the push of a button, enabling near simultaneous scanning. Two catheter arrays are then used to show how such a system could be utilized to aid in the treatment of atrial fibrillation.
II. METHODS

Transducers
One transducer used in this study was a 7-French (2.3-mm O.D.) side scanning catheter transducer ( Figure 1 ) built and described by Lee et al [4] . The catheter includes a 112 working element 2D phased array transducer attached to the tip. The transducer has an operating frequency of 5.0 MHz and interelement spacing of 0.15mm. Previously, this catheter has been used to identify the left atrium and a pulmonary vein from the coronary sinus in a sheep model. was also used for in vitro and in vivo experiments [5] . This transducer has a 112 element 2D phased array at its tip, with an operating frequency of 5.0 MHz and interelement spacing of 0.15 mm. This catheter also has a 1.3-mm O.D. tool port that enables a cardiac interventional device to be inserted into the heart while in the field of view of the transducer. This catheter has been used during in vivo sheep studies to help monitor the use of several intracardiac devices. For this series of experiments, we inserted a needle down the tool port to emulate an ablation wire. 
Ultrasound System
For the study described here, we used the Model 1 ultrasound system, (Volumetrics Medical Imaging, Durham, NC) which is a commercial version of the real-time 3D scanner developed at Duke University. The system uses up to 512 transmitters and 256 receive channels, and also utilizes 16:1 receive mode parallel receive processing to generate a pyramidal volume of 4096 B-mode image lines. From this pyramidal volume, the scanner can display two simultaneous orthogonal B-mode image planes and up to three C-mode image planes (parallel to the array face) at a rate up to 30 volumes per second. Each image plane can be inclined at any desired angle. By integrating and spatially filtering between two user-selected C-mode planes, the system can display realtime 3D rendered images.
It was necessary to modify the system cable assembly that connects the transducer to the 3D ultrasound system so that it could accept the two double sided flex circuit connectors that are at the proximal end of each catheter transducer. We started with a cable assembly that has been typically used with transthoracic transducers since it was able to accept the up to 7 double sided connectors. We then inserted the double-sided connectors for each transducer into the system assembly. Due to the limitations of the handle, we were only able to use 85 channels for each of the transducers. A map was then created that showed which transmitter from the 3D scanner was connected to a specific transducer element. This map, along with the array geometry, is used to create transmit and receive phase delays that are called during scanning by the real-time 3D system. The Model 1 3D scanner is capable of storing up to 3 different sets of 3D phasing data that are accessed by software when a transducer is attached. The system is able to recognize each transducer due to its unique ID that is on a PROM in the cable assembly. This ID, typically read by the front end boards, is used to determine the phasing data for transmit and receive, the frequency to drive the transducer, and the number of cycles to use when driving the transducer. By modifying the system's software, we are able to bypass the front end boards and assign a specific ID value to each catheter transducer. We then assigned multiple ID values to certain buttons located on the touch screen of the scanner. By pressing one of these buttons, we essentially force the scanner to start scanning using the pre-loaded phase delay data, transmit frequency, and transmit cycles associated with that ID value. Currently we assign two buttons on the touch screen to two different ID values associated with the catheter transducers. However, we could also use any combination of transthoracic, transabdominal, endoscopic, catheter and ultrasound therapy probes of annular, linear and 2-D transducers, only being limited by the 3D systems total number of transmitters (512) and receivers (256).
In Vitro Phantom
A tissue mimicking phantom was crafted to represent the left atrium of the heart. A cavity was created in the middle of a sponge to imitate the left atrium and a hole was inserted into the wall at one end of the cavity to emulate a pulmonary vein. A smaller hole was created opposite the pulmonary vein to give the forward viewing catheter access to the left atrium as in an atrial septal puncture. The side viewing catheter was inserted into a channel was created adjacent to the cavity that imitated the coronary sinus. The experiment was conducted by tracking the forward viewing catheter as it entered and crossed the cavity. Once it seemed the forward viewing catheter was near the lumen representing the pulmonary vein, a button was pressed to activate the forward viewing transducer. The display planes were then realigned and the catheter was manipulated to center the lumen within the 3D scan.
Animal Model
The in vivo images in this study were acquired using a canine model. The study was approved by the Institutional Animal Care and Use Committee at Duke University and conformed to the Research Animal Use Guidelines of the American Heart Association. A diagram representing our experiment is shown in Figure 3 . For this open chest procedure, the heart was exposed by left thoracotomy. The side scanning catheter was then inserted into the jugular vein and advanced through superior vena cava and into the right atrium. Once in the right atrium, it was directed into the coronary sinus and advanced to provide a 3D view of the left atrium and a pulmonary vein. After this view was obtained, the forward viewing catheter was advanced through a small incision in the epicardium of the left atrium and directed toward the os of the pulmonary vein while being monitored by the side scanning transducer. Once in place, we pressed a button on the touch screen to switch to the forward viewing catheter. After a few adjustments to get the pulmonary vein into the center of the 3D scan, a needle was inserted through the tool port into the lumen to imitate delivering a therapy to the region surrounding the pulmonary vein.
III. RESULTS
The tissue mimicking phantom images are shown below. The top three images ( Figures 4A-C) were obtained by the side viewing catheter looking into the cavity where the forward viewing was located. Figure 4A shows the short axis view of the forward viewing catheter, while Figures 4B and 4C show the catheter in long axis views. Once we switched the transducers by pushing a button on the scanner's touch screen, we were able to obtain the bottom three images while the forward viewing transducer was about 1 cm away from the phantom wall (Figures 4D-F) . The first two views ( Figure 4D , Figure 4E ) are oblique cuts of the lumen in the sponge wall. The third view ( Figure 4F) shows a cross section of the lumen. The in vivo images obtained from the canine study are shown below. The set of images ( Figure 5 ) show a view of the left atrium obtained from the coronary sinus by the side scanning catheter. In the top two images, the forward viewing catheter is observed in the left atrium in long axis ( Figure 5A ) and in short axis ( Figure 5B ). The third image in this figure ( Figure 5C ) shows a volume rendered view of the forward viewing catheter within the opening of a pulmonary vein. The next series of images were obtained from the left atrium by the forward viewing catheter. The top series of images show a pulmonary vein in oblique views ( Figure 6A , Figure 6B ) as well as a cross section of the vein ( Figure 6C ). These images have a clear lumen that is easy to depict.
The lower series of images ( Figures 6D-F) are views of the same anatomy with the exact same orientation as described above. These images were acquired while the needle was inserted into and then protruded from the tool port found on the forward viewing catheter. When comparing the upper and lower sets of images, the needle can be seen in all three views. In this paper, we have presented a method for near simultaneous 3D scanning using 2D array transducers. Multiple transducers are connected to the scanner and are selected by a specific button on the touch screen of the scanner. This system was used to successful guide a forward viewing catheter across the left atrium to a pulmonary vein. The lumen was then identified, imaged with the forward viewing catheter, and a needle was guided toward the vein to imitate a therapy delivery device.
Future work on this project may yield improved results that are more clinically useful than the preliminary ones presented in this paper. A general improvement that would help any type of multiple transducers scanning would be to display both sets of volumes at the same time. We plan to continue modifying the 3D scanner so that views from both transducers can be shown on the same screen while switching between probes on a frame-by-frame basis and update the display accordingly. Such a method would increase the amount of information provided to the clinician.
Another area more specific to the results presented would be to try to improve the image resolution. The current transducer cable assembly used during these experiments limited us to only 85 elements in the array, despite the fact that more channels were available on each transducer. We may consider building new side scanning catheter using a different proximal connectors and cable assembly. This would increase the number of working channels and improve our ability to resolve the left atrium and pulmonary veins. We have also contemplated building a forward viewing catheter with a tip that can be mechanically manipulated by the user to improve the detection of various targets.
One last area we would like to consider examining is image fusion of two separate 3D cardiac scans. Such a project would require us to investigate ways to register the volumes both spatially and temporally.
